We designed and realized a low cost relative humidity (RH) capacitive sensor having an interdigitated transducer coated with a cheap sensing material working at room temperature (polyimide). Thermally perturbed diffusion of water molecules into the polyimide layer is studied by heating the sensor locally and measuring the sensor capacitance change. The swelling and deswelling model is applied to determine the time constant of involved processes. This simple method, using an evaluation kit developed by our group, to measure the sensor capacitance and to study the diffusion process of water molecules into polyimide could be generalized to analyze the gas diffusion processes into polymer based sensing layer generally used in the field of gas chemical sensors.
Introduction
Polyimide material is intensively used to sense the moisture content in an environment. A polyimide based capacitive humidity sensor measures a change in electrical capacitance of the interdigitated transducer coated with a thin layer of polyimide. The humidity has an effect on a dielectric constant of polymer substance once the water molecule is adsorbed in the sensing layer. The change in the dielectric constant is continuously monitored by measuring the capacitance, which is directly related to the relative humidity. The electrical properties of the polyimide are stable if operated at room temperature, which is the case for humidity sensors. Although, the polyimide consists of cross-linked polymer networks, which is own good thermal, chemical resistance and mechanical strength properties. Those properties are strongly affected by water sorption. Heating the polyimide layer to higher temperature in the presence of humidity show a behavior similar to hydrogel materials. Although, polyimide is probably among the most studied polymers for use in the field of humidity sensors and CMOS technology. The thermosensitivity of polyimides was never reported before. The network structures of the cross-linked polyimide possess the ability to respond to temperature change by undergoing reversible structural rearrangement.
The goal of this work is to investigate the thermoresponsive properties of polyimide using an interdigitated transducer and low power miniaturized system able to monitor the capacitance change and to heat the sensor locally. This method is considered as an inexpensive alternative method that could be extended to other thermoresponsive polymeric materials.
Experimental Methods

Transducer and Sensor Fabrication
A pair of interdigitated electrodes, IDE, was used as transducer for relative humidity sensor, socalled Interdigitated transducer, IDT. A heater and the temperature sensor were patterned around the IDE by photolithography technique using the desired mask. Each chip has an area of 2 × 2 mm, 6 µm finger width, 2 mm electrode length, and 12 µm pitch [1] . The photosensitive polyimide material was spin coated homogeneously on top of the planar electrodes on the 6-inch glass wafer to obtain different layer thicknesses ranging from 1 µm to 11 µm. After completing the photolithographic process, the film was cured in a Yes Oven under N2 inert atmosphere at 400 °C. After dicing the 6" wafer, a single chip, named Interdigitated Transducer IDT, was glued on an adapted printed circuit board (PCB) and wire bonded thereto. The PCB was equipped with zero insertion force (ZIF) connectors.
Polyimide Sensor Characterization
In this study, the gas mixing apparatus was able to generate a constant level of relative humidity by selecting the adopted ratio between the volumes of humid gas to the N2 carrier gas [2] .
An evaluation kit, having low power, low cost, compact size, and network compatibility, was designed for high-speed data acquisition (each 150 ms). The integrated microcontroller STM32L476RG possesses a several Analog-to-Digital converters (ADC) and a touch sensing controller for capacitive measurements, via the charge transfer method on board. An extension circuit board to simultaneously measure the capacitance of three sensors was designed and realized [1] . The typical sampling time used in this study is 200 ms. The sensors can be heated up to 200 °C using the heating wire around the sensor interdigitated electrodes. The layer thickness was manually measured by an optical reflectometer. The variation of the polymer layer thickness in contact with humidity as an analyte, gives an idea about the swelling/deswelling of the polymeric layer.
Experiments and Results
The water uptake of the polyimide based capacitive sensor at temperatures higher that 25 °C is an important parameter to be investigated. A standard EMFT humidity sensor was used, which consists of a 12 µm pitch gold IDT with a polyimide layer of 4.6 µm thickness.
The response of the polyimide layer to a temperature change was investigated. At a constant level of humidity 40%, the capacitance change and layer thickness dependent on time were recorded while a thermal stress was applied to the sensor. The thermal stress was reached by heating the sensor from RT to 75 °C. Figure 1 shows the recorded capacitance, the measured polyimide thickness and the reached temperature on the sensor dependent time under thermal stress. The applied thermal stress is obtained by heating the sensors locally from RT to 75 °C. A rectangular voltage pulse (max. 5 V) was applied to the heating wire of the sensor insert into the ZIF sockets of the MCU system. Both the capacitance of the IDT and the resistance of the temperature sensor surrounding it were continuously recorded each 200 ms by the MCU system. It worth to underline that the polyimide layer thickness was measured manually (not in automatic mode) but not in real time.
The measured variation of the polyimide thickness and the capacitance follow the same tendency after applying a thermal stress to the sensor. The response and recovery times τ90 of the heater wire surrounding the IDT correspond to 20 s. The capacitance shows a fast and sharp decrease by a 0.2 pF during the temperature increase due to the release of water molecule from the polyimide matrix. At the same time, the thickness of the 4.6 µm polyimide layer is decreased by 8 nm. After the noticed decrease, the capacitance increases slowly by 0.05 pF to reach a stable value. While observing a slow increase in the capacitance, no remarkable increase in the polyimide layer thickness could be measured. It is assumed that the observed change in the polyimide thickness could not explain the recorded capacitance decrease, as a single influencing parameter. The decrease in the capacitance can be correlated either to a change in the refractive index or most probably to a structural rearrangement of the polyimide network. Figure 1 . Change of the capacitance and the sensing polyimide layer thickness dependent time after applying a thermal perturbation to the sensor. The thermal perturbation is done by heating up and cooling down the sensor between 27 and 74 °C for a constant RH = 40%.
By cooling down the sensor from 74 °C to 27 °C within 20 s, the polyimide chains relax and recover back to the original rearrangement. Therefore, the water molecules diffuses into the polymer matrix and the capacitance increases to reach the base capacitance at 27 °C. Zhong et al. studied the swelling and shrinking behavior of hydrogels and reported a similar observation [3] . The diffusion process of water molecule into a heated layer of hydrogels consists of two parts. Each part has its distinct time constant. In the first step, a rapid release of the water is followed by a rearrangement of the polymer network structure. The second increase reflects the water diffusion into the newly formed polymer network. The rearranged network is able to reabsorb water molecules and to attain an equilibrium. The time constants of the processes are obtained using a two-process model for the capacitance based on an exponential diffusion process reported by [4] .
At time t1 a first exponential diffusion process starts and characterized by a diffusion time τ1. At time t2 a second process takes place and is characterized by a diffusion time τ2. The diffusion times are reported into the graphs of Figure 2 after applying a thermal stress to a 4.6 µm polyimide sensor and after turning off the thermal stress.
Generally, the polyimide shows a transition similar to a phase transition found in Hydrogel material. At elevated temperature, the polymer chains are organized into a new rearrangement. Consequently, the incorporation of water molecules into the polyimide layer cannot be explained by a simple diffusion process, but by a two steps process: polymer collapse and polymer relaxation characterized by two different time constants. 
